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base  resistance  due  to  bluntness  of  trailing  edge 

flatplate  frictional  resistance 

added  resistance  due  to  intersection 

pressure  or  separation  rUistance 

velocity  augmented  resistance 

planforn  area  of  one  side  of  appendage 

projected  area  of  base  or  trailing  edge 
thickness 

thickness  of  base  or  trailing  edge 

velocity  \  ° 

cross  flow  angle  (angle  between  hull  and  appendage) 
kinematic  viscosity 
•ass  density 


I 


t. 


ABSTRACT 


The  purpose  of  this  report  is  to  provide  information 
about  the  resistance,  interaction  and  scaling  of  appendages.- 
A  calculation  procedure  is  developed  that  can  be  used  to 
compute  the  Reynolds  number  dependent  components  of  appendage 
drago  A  correlation  is  made  between  the  calculated  valuer 
of  drag  and  data  obtained  from  bare  hull  and  a  upended 
ship-model  resistance  tests.  This  correlation  indicates 
that  the  mathematical  model  is  an  effective  means  of 
predicting  the  viscous  drag  of  app  adages  and  that  the  added 
drag  due  to  pressure  as  well  as  interaction  between  appendages 
and  the  hull  form  is  of  a  small  order  of  magnitude. 


ADMINISTRATIVE  INFORMATION 


This  study  was  authorized  under  the  Naval  Ship  Systems  Command 
Exploratory  Development  Program  in  Hydrodynamics,  Budget  Project  32,  and 
was  funded  under  Subproject  SF  35421,  Task  1713. 
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introduction 

Ship  appendages  refer  usually  to  element;  outside  the  main  hull#  such 
as  shafting,  shaft  supporting  struts  and  bossings,  power  transmission  pods 
and  struts,  bilge  keels  and  control  surfaces.  It  has  been  common  practice 
to  measure  the  drag  of  these  appendages  as  the  difference  in  drag  when 
conducting  resistance  tests  with  a  ship-model  in  the  bare  hull  and  the 
appeuded  condition.  These  measurements  provide  a  gross  assessment  of  the 
total  drag  of  appendages  plus  interaction  effects  for' a  particular  design  . 

9 

but  they  do  not  give  detailed  drag  data  for  each  appendage,  nor  inter¬ 
actions  between  hull  and  appendages,.  The  designer  does  not* have  sufficient 

•  a 

information  to  improve  designs  where  the'  combined  drag  is  unduly  high. 

Furthermore  the  extrapolation,  from  model  to  full-scale^  of  appendage  drag 
is -questionable  at  best.  .. 

A  procedure  for  designing  appendages  was  presented  in  1953  by  Philip 

•Handel1.  In  his  summary,  Handel  states  that  scale  effects  of  appeudage- 

:reaistaace**...are  important  not  only  in  accounting  for  par-t  of  any  discrep- 

^ancles  between  model  power  predictions  and  full-scale*  results  but  also  in 

■establishing  the  validity  of  comparative  model  testing  conducted  for  the 

purpose  of  evaluating  competitive  appendages;*  Fundamental  studies  and  test3 

.of  individual  appendages  over  a  large  range  of  *  Reynolds  numbers  are  needed 

for  this  purpose.”  In  1957,  E.  P.  Clement  conducted  such  a  study,  using 

•appendages  from  a  planing  boat  ,  Clement  concluded  that  the  resistance 

predictions  based  on  previous  model,  tests*  were.too  high'byabcut  2.94  when 

.they  were  compared  with  his  tests.  He* further  concluded  that  this  error  .ues 

a  scale  effect  due  to  the  fact  that  below  a  Reynolds  number  of  10°  the  excrap- 

olator  used  with  the  Schoenherr  friction  line  was  not  steep  enough.  •.  In 

1966,  Hadler3  developed  mathematical  expressions*  for*  predicting  the  drag  of 

planing  boat  appendages  and  used  Clement's  work  to  determine  the  accuracy  of 

hi3  method.  * 

•  " 

References  are  listed  on  page  55. 

S’  . 

.  *  *  • 
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mass 


*  • 


The  preseat  task  would  appear  to  be  to  verify  if  the  works  by  Clement 
and  Hadler  can  be  applied  to  displacement  type  aurf ace-ships.  The  ca^or 
problem  encountered  in  this  area  is  in  predicting  the  flow  in  way  of -the 
appendages.  IThereas  in  a  planing  boat,'  it  may  be  assumed  that  the  flow  is 
parallel  to  the  bottom  of  the  hull  and  has  the  same  magnitude  as  the  boat 
speed,  this  is  not  necessarily  the  case  for  displacement  ships. 


This  report. will. discuss  ways  of  estimating  the' magnitude-  and  direction 
of- the  velocity  in  way  of  the  appendages.  Then'. a* mathematical  model  will 
be  developed  for  estimating  tha- Reynolds  number  dependent  drag  of  the 
following. appendage  components:* 

-1.  Rudders, 

2.  Shaft  support  struts, 

3.  -Stabilizer  fins, 

4.  Intermediate  and  main  shafts, 

5.  Sterntube  bossings,  — 

6..  Intermediate  and  main  strut  barrels, 

7.  Bilge  Keels,  and 

8.  Skega. 

The  results  obtained  from  the  mathematical  model. are  then',  correlated  with 
model,  test  data  and  there. is  a -discussion- of  the '-induced 'forces  and  the 
Interaction  between  the  appendages  and  the' hall;  •-  *• 


*  It  should  be  noted  that  although  this  report' does- not,  cover  such  appendages 
as  power  transmission  pods  or  right  angle  dr.'.ve:  units,  information  regardin 
these  appendages  nay  be  found  in  References'  4'  and" 5; "  It '  is  hoped,  that  at 
later  date  expressions  will  be  developed  for  these  appendages- as  there  would 
appear  to  be  quite  a  demand  for  this  information'  in  the  future. 
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MATHEMATICAL  EXPRESSIONS  OF. APPENDAGE  DRAG 


.la. the  development  of  mathematical  expressions 'that  con  predict  the  drag 
of  the  aforementioned  appendages. it. was  necessaxyto' make  ’assumptions  so 
that  the  calculations . could  be  made  .with: relative .ease  end  still.be 
applicable. , .The  first  ma.jor-.assuapt±on*.is'  that-:  the ’.appendages  can  be 
divided  -into  .their',  component  .parts/'  the  drag '.of*  each*  component  being  . 
calculated  separately  and -therefore*. 'the:total'appendage-drag  is  ecjual  to" 
the  sum  of  the  drag. of  each  appendage;* 'The 'second-major' assumption  is 
that  the  drag. of. the  ;opendages  is  considered: to* be' viscous  in  nature. 

(These  assumptions  will  be  discussed. in' further* detail* later- in.  the  text.). 
Other  assumptions. will  be  discussed-for* each* case' and'specific  references 
are -noted  next  to. each  expression.  *;  . 

THE  APPENDAGE  COMPONENTS  -  ^  -- 

*  *  .  *  t 

•  -  0  m  *  m. 

The  appendages  .considered. herein  are  broken- down- into  the  following 

groups:  — 

'Group  I  “  Rudders,  struts,  and  stabilizer  fins; 

Group  II  »  Sterntube  bossings,  intermediate  shafts',  main  shafts,.. 

.  and  intermediate  strut  barrels;  . 

Group  III  Main  strut  barrels;  - 

Group' IV  -  Bilge  keels  and  skegs.  _  ...  . 

*’  ■*  *  »  * 

u  .  -  .  •  ...  J  K  *.  ^ 

-Groups  I  and  II  are  treated  as  two-dimensional' surfaces*/ Group*  III  is  treated 
like  a  body  of  revolution  and  Group  IV  is  treated  similar  to  a  flat  plate 
friction  plane*. 

VELOCITY  -  MAGNITUDE  AND  DIRECTION  _ 

T[n  the  preliminary  design  stage,  more  often  "than*  not*,*  the  designer  can 
only  approximate*  the  velocity  at  the* stem*.*  'At'present' there  are  no  simple 


methods  for  predicting  the  flow  in  way  of- a  ship's  appendages.  The  Douglass 
Aircraft  Company,  Inc.  has  developed  a- computer- program' for  calculating 
potential  flow  about  arbitrary  three-dimensional‘bodies‘ (Reference  6)* 

The  Douglass  program  has  been  used  successfully*  in  several ‘cases  to  predict 
the  flow  about  ship  hulls.  There  has  been  some*  success  "in*  predicting  the 
pressure  distribution  over  a  bow-mounted’ sonar* dome.  'However*  in.  the 
early  stages ’of  this  project,  an  at tempt -was 'made' to  predict  the  flow  at 
the  stem  of  a  ship,  and  It , was  concluded'  that* this *method'was*  too  expensive, 
time  consuming,  and  necessitated'  information- which*  might ‘not  necessarily 
be  available  to*  the' user  during' the- preliminary* design  stage  of  the  hull* 


For  simplicity,  if  we  restrict  this 'investigation* to  ships  with 
multiscrev  propulsion  systems  that' have  some* type' of*  transom'  stem  with  a. 
relatively  flat  bottom,  we  may  then ■  assume- that'the'wake' fraction,  for  this 
type  of  ship;  will  normally  range  from' zero* to* eight 'percent;  Therefore, 
we  may  use  as  the  local  velocity  in  way  of' the  appendage ;  ' the  frees trean 
velocity  or  modify  it  by  a  wake  fraction' (based  on 'data 'for 'a  similar  ship 
which  has  previously  been  tested);  It  is  felt 'that  in  terms  of  percentages, 

the  error  due  to  this  assumption  would  be  approximately  O  ' to  8  percent 

* 

(at  most)  of  the  velocity  as  measured  from' a' wake  survey. 

l 

As  for  the  direction  of  the  local  velocity;  it'is- assumed  that  the  struts^ 
akegs,  bilge  keels,  stabilizer  fins  and  rudders' align 'with  the  flow.  Further, 
the  direction  of 'flow  past  cylindrical  bodies' such* as 'shafts,  sterntube 
bossings,  strut  barrels,  and  fairwaters  is  assumed' to  be  parallel  to  the 
hull  and  that  there  is  no  transverse  crossflow; '' Therefore;* the  direction, 
of  the  flow  over  these  appendages  can  be  estimated*  to' be 'the  angle  they 
Bake  (locally)  with  the  hull. 

*  This  assumes  that  the  velocity  error  will  he  ro  greater' than  the  wake 
fraction  for  the  hull  form. 
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THE  FRICTION  FORMULATION 


The  Schoenherr  friction  line,  (Reference  8),  has  been  used  for  all 
friction  calculations  on  the  appendages.  The  numerical  valuc.s  of 
derived  from  the  Schoenherr  formula  apply  to  the  viscous  component  cf 
flat  surfaces  whereas  other  friction  lines  commonly  used  by  naval 
architects  in  determining  the  frictional  resistance  of  ships  might 
Incorporate  various  degrees  of  a  form  factor. 

Therefore,  since  the  Schoenherr  formulation  is  considered  to  be  a 
baseline,  the  expressions  used  to  calculate  appendage  drag  will  relate  the 
geometric  parameters  of  the  appendage  to  the  corresponding  flat  plate 
friction  coefficient. 

The  Schoenherr  friction  formula  may  he  simplified  hy  the  following 
■expression: 


Cy  -  1/(3. 46  logi0(Rn)  -  5.6)2 


(1) 


This  approximation  is  considered  to  be  within  2  percent  of  the  standard 
Schoenherr  formulation. 


The  formulations  are  for  turbulent  flow.  However,  a  correction  should 
be  made  to  account  for  the  fact  that  the  appendages  experience  a  local 
flow  which  may  be  laminar  up  to  a  point  and  then  becomes  turbulent 
afterward.  The  following  are  the  expressions  which  have  been  used  to 
obtain  the  coefficient  of  friction  for  all  work  discussed  in  this  report: 


Laminar 


■>  1.327/^T 


(2a> 


Turbulent 


0.242 

/cT~ 


+  log10(Rn  -Cp),  (2b) 
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Transition 


"Turbulent 


where  A 


-  Cp  )  Rn 

^Turbulent _  Laminar _ 

fall  taken  at  the  chosen 
[Reynolds- number  at  transition^ 


It  will  be  shown  later  that  for  the- present' work" on- appendages,  an 
appropriate  Reynolds  number' for  transition* is' approximately  5  x  10*. 
Figures  1  and"  2  are  provided  to- facilitate' the 'user  in*  obtaining  Reynolds 
numbers  and  friction  coefficients; *• Figure- 1* presents  a  graphical 
solution  for  obtaining  Reynolds  'numbers;* a*  sample* problem-  is  'shown  by  the 
indicated  arrows;  Figure  2  presents 'curves 'Of' the 'friction  coefficient  . 
previously  discussed.  Transition' curves* from* laminar  to' turbulent  flow 
are  given  for  RnTransition  *  5  x  10*;  1  x  105  and'5  x'  105.  Conditions 
where  "forced  turbulence"  would' be  used  correspond  to* the "case  where  the 
turbulent  curve  is  used  for  all  Reynolds  numbers  and'woaLd  be  generated  by 

^  transition  "°-°- 


GROUP  I  -  RUDDERS,  STRUTS  AND  STABILIZER  FINS 


Group  I  appendages,  as  considered  herein,  are  assumed  to  have  streao- 
line  sections  with  a  maximum  thickness  located  at'30*to  50  percent  of  the 
chord  length.  They  are  treated  as  two-dimensional 'surfaces  which  for 
appendages  aligned  with  the  flow  appears  to  be  acceptable;  'This  Is  because 
experimental  work  for  rudders,  for  example;  reference '10;  has  shown  that 
the  effects  of  aspect  ratio,  sweepangle;  and  tip  ending  are  small  for  zero 
angle  of  attack.  Furthermore,  it  is  also  assumed  that  there- is  no  venti¬ 
lation  or  cavitation.  With  all  of  these  simplifying  assumptions  taken  into 
consideration  the  total  drag  can  be  derived' as' the  sum  of  the  .various 
components  usually  considered  in  two-dimensional' foil  prediction. 

Expressions  for  these  components  such  as  flat 'plate  friction  resistance  <V* 
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resistance  due  to  vela city  augmentation' (R.,  )  t'pressare'or  separation 

V*. 

resistance  <V*  added  resistance  due" to 'an  intersection'with  the  hull 
or  a  strut  barrel  and  the  base  drag-  due'  to  a'  bluntness  of  the 

trailing  edge  (R^) ’are  presented  below. 

Reynolds  Number- Used  to  Obtain  C_ 


Ihe  Reynolds  number  used  for  Group '!• appendages "is* a  function  of 
Velocity,  kinematic' viscosity  and' chord  length  or. 


"  8n  -  Ve/v» 

Plat  Plate  Friction  Resistance 


C3> 


•  -  The  expression  used  to  obtain  the  flat  ^late*  friction  resistance 
is  as  follows: 

•By  -1/2  ,/  .  (4) 

\ 

•  *»  • 

Resistance  Due  to  Velocity  Augcentation 


’  The  mean  average  velocity  around  :a  symmetrical'  foil  "section  is  higher 
than  that' of* the- undisturbed' flow."  ’The' added* resistance  due  to  thia 
velocity  augmentation  is  given  by;  ...  •• 

—  8yA  »pl/2  SV2  (29  (2t/c)v --  (5) 


Pressure  or  Separation  Resistance 


The  pressure  or  separation  resistance- is  a* component  originating  due  to 
the  lack  of  pressure  recovery  associated/with'boundaxylayer'thickness  and / 

a  por  the  work  presented  in  this  report;  the  maxicun  chord  length  was 
.used  when  the  drag  of  tapered  appendage  "was'  to'br.  calculated. 

9'  ’ 


*  .  *  • 

or  separation  along  the  afterbody  of ^foil* and* strut* sections.  The 
expression  for  approximating  the  pressure' drag* is'givan  as  follows: 

Rp-  1/2  pSV2  (2Cp)  60  (t/c)4,**  '  (6) 

Added  Resistance  Due  to  Intersection  with*Hull*or'  Strut  Barrel 

The  added  resistance- due  to  an  intersection*  of  any  of*  these  appendages 
with  another  surface  will  be  treated  as -if- it* were' an  intersection  with 
a  flat  wall.  It  is  speculated  that,  "when  a 'wing' or  'strut' adjoins  a  wall 
(or  an  end  plate),  the  boundary  layers  of 'both;  the  wind  and  the  wall. 

Join  each  other.  Subjected  to  the  pressure* gradient* along  the  rear  of 
the  foil' section;  the  boundary  layer is'further  retarded;'and  additional 
pressure  drag  (i.e.,  interference  drag)  arises.”**'  It* should  be  noted 
that  for  very  thin  sections  (t/c  ^.08/  this  interference' drag  might  become 
negative.  The  expression  for  estimating* this 'drag' component  is  given 
below : 

VRjjjj  -  1/2  pvV  [j).75  (t/c)'-  6.00C3/(t/c)^J  (7) 

•  * 

Base  Drag  Due  to  Bluntness  of  Trailing  Edge 

'  7  •  \ 

The  base  drag  of  foil  section  with  blunt  trailing' edges  may  be 

approximated  with  the  following  expression. 

Rp  -  l/2p  SgV2  [o.l35/3  /CpCc  /tB)f|  (8) 

CROUP  II  -  SHAFTING,  STEKNTUBE  BOSSINGS  AND  INTERMEDIATE  STRUT  BARRELS 

t» 

In  order  to  estimate  the  drag  of  the  shafting;  ifwas  necessary  to 
divide  this  appendage  into  the  following  sections:* * (1) *  Intermediate 
shaft  (between  the  sterntube  bossing  and  the  intermediate  strut  barrel), 
and  (2)  main  shaft  (between  the  intermediate  strut  barrel  and  the  main 
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strut:  barrel).  The  resistance  components  of  Group-  ir appendages  are  the 
frictional  resistance  (Kg)  and  the  pressure  resistance  corrected  for 


Crossflow 


friction  Resistance  and  Reynolds  Number 


The  Reynolds  number,  used -in  estimating  the  frictional  drag  is  based 
on  the  appendage  length  along  the  longitudinal* axis;  Therefore, 


where  * 

*  "  Jecgth  of  appendage  along  the  longitudinal:  axis*  (for  sterrftube 
bossingsa  the  length  is  taken* to* the* intersection-with  the  hull 
along  the-  shaft  centerline) , 

The  xrictio a  resistance  nay  be  determined -,by  the*  following  expression. 

*  ,1/2  PbDV2  vC^  .  .  (10) 


Pressure  Resistance  Corrected  for  Crossflow 


She  expression- used  to  estimate  the  pressure 'drag- has  been  taken  front 
a  derivation  proposed  by  Hoamer  (reference- 11)  ;  •  The- general  form  of  the 
equation  i3 ;  ... 

9  ■» 

$2  m  1/2  pLDV  Cg  Sin  a  (11) 

The  pressure  drag  coefficient  (<y  nay  be  further  defined  for’  non-cavitating 
««d  cavitating,  flews.  The  proposed  definition.- of  *  <y  follows  from  work 
presented  in  reference  11*  page  10-8,  Figure  15a;  This  figure  presents 
drag  coefficients  as  a  function  of  cavitation  number- for  flows  that  are 
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above  and  below  the  critical  Reynolds  number  for  separation.  The 
parameters  used  to  describe  the  flow  are  Reynolds  number  (Rn)  and 
cavitation  number  (a). 


Bn 

a 


-  VP, 

V 

^ambi 


P  )/ (1/2  p  V2) 
vap  K 


(12) 

(13) 


vhere 


ambi 


vap 


ambient  pressure  acting  at  the  centroid  of  the 
appendage, 

vapor  pressure  of  the  surrounding  fluid. 


The  expressions  for  the  pressure  drag  coefficient  represent  the  afore¬ 
mentioned  curves  in  reference  11  in  polynomial  form  and  are  given  below 
for  various  flow  conditions. 


5 

Bn  <  5  x  10  and  ct>2.5e 

C_,  -  1.17 
*  5 

Rn  >  5  x  10  and  0>2.5,  Kon-Cavitating  Flows 

Cy  -  0.50 


Rn  <5  x  10"^  and  a  <2.5, 

-  .5  +  ,5a  -  .052  a2  +  .046  a3  - 

Rn  >5  x  105  and  2.1<0  <  2.5, 

CL  -6.125  -  2.25  o, 
r  5 

Rn  >5  x  10  and  <  2.1, 

Cp  •  .5  +  ,5a-  .039  a2  +  .006  a3. 


.061  o'  +  .014  a5, 

Cavitating  Flows 
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•CROUP  HI  -  MAIM  STRlx  BARRELS 


The  components  of  a  main  strut  barrel  are: 
(a)  strut  barrel, 

0>)  propeller  hub, 

(c)  fairvater. 


-  These  components  together  are  considered  one  unit. 

*  •  . 

The  components  of  resistance  for  these  appendages  are  friction 
resistance  cy.  pressure  resistance,  corrected  for  crossflow  cy  and  rhe 
base  drag  due  to  the  bluntness  of  the  falrwater  trailing  tip  (R^).  The 
expressions  used  to  estimate  the  resistance’ due  to  friction  and  pressure 

I 

are  the  same  as  the  ones  for  Group  II  appendages*  (Equations  (9)  through. 
(i3» : 


Base  Drag  XXie  to  Bluntness  of  Fairwater-Ending 

According  to  Hoemer,  the  base  drag  of  three’  dimensional  bodies  very 
Cellar  to  the  fairwater  (projectiles’,  fuselages*  and;  elipsoids’  for  example) 
,  found  to  depend  largely  on  the' length' of' the' forebody,  its  surface 
Conditions,  and  the  ratio  of  base  to  body  diameter; *’ The  expression  used 
Co  . estimate  the  resistance  due  to  the  bluntness^of ’ the  faiiwater-endiug  is: 


«here 


E-  v2  * 
2  ' 


JD2  (0.029.  (Bg/D) 3/ (2/C^(L/D))  J  (14) 


D  - 

DB  * 

L  - 


maximum  diameter  of  appendage, 

diameter  of  base  (see  above), 

• 

length  of  appendage  along  the  longitudinal  axis  If  blunt  or 
rounded  trailing  end,  use  the'  extended’ length'  i;e. ,  the  length 
Che  appendage  would  be  if  it  were  not  blunt. 


12 


/ 


CROUP  IV  -  BILGE  KEELS  AMD  SKEGS  .  . 

The  resistance  o£  bilge  keels  and  skegs  is- treated 'similar  to  the 
drag  of  a  flat  plate.  This  assumes  that  these- appendages  are  aligned 
vlth  the  flow.-:  It  should  be  noted  that,  generally;-  skegs  are  considered 
M  an  Integral  part  of  the  bare  hull  form  and  not'  as  a  separate  appendage. 

The  expression  for  estimating  the  resistance 'of- this  group- of  appendages 

X  -  1/2  SV2  Cy,  (15) 

where 

/  ‘ 

S  "  wetted  surface  area  of  the  appendage- minus 'the  wetted  surface' 
area  of  that  part  of  the  hull  that  has  been*  covered  up  by  the 
appendage.  By  taking  the  wetted' surface "in  this  manner,  the 
•  loss  of  bare  hull  friction  drag  due- to  a  net- loss  of  wetted 
\aurface  on  the  bare  hull  can  be  compensated  for. 

-  *  . 

.  The  Reynolds  number  to  be  used  to  obtain  the- flat  plate  friction 
coefficient  is  a  function  of  the  velocity,  length'of- appendage,  and  kine- 
aatlc  viscosity,  as  follows; 

f  • 

Rn  -  VL.  (16) 

V  ’*  /'  • 
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"APPEND"  A  COMPUTER  PROGRAM  OF  THE  HAIHDL\TICAL  MODEL 

The  expressions  derived  in  the  previous- section' for  calculating  the 
drag  of  various  appendages  have  been  used  as-- the- basis  for  a  computer 
routine  named  APPEND.  Details  of  the  computer  program- are  presented  in 
Appendices  I  through  III  with  the  routine/algorithn- in* Fortran  presented 
in  Appendix  I-,  input  fomat  and 'output' format- in'  Appendices  II. and  III, 
respectively. 

'  CORRELATION  OF  THE  MATHEMATICAL  MODEL- WITH  MODEL  TESTS 

•  * 

In  the  presentation  of  ar.y  calculation  method,  ifwould  be  cost 
■desirable  if  the  expressions  could  be '  proven' out' by  experimental  data. 

R>r  the  case  of  appendages.,  this  would -  involve  the"  testing  of  various 
sizes- (scale' effect)','  shapes,  and  combinations 'with  one' another  (inter*- 
■actions)  .  "However,- it  was  not  possible  to  conduct- such- an  experimental 
.program  for  this  study.  It  was  necessary-,- therefore,  to- simulate  a  data 
"base  which  could  substitute  for  the  test  program. 

'  The  decision  was  made  to  make  use  of  the  results  of' previous  modal 
tests  conducted  by  the  Naval  Ship  Research' and- Development*  Center.  This 
TBe thud- Involved  the  selection  of  - fourteen  ship-models' that' had  been  tasted 
.in  the  bare  hull  and  appended  modes 'for  resistance;  The  drag  of  the  .. 

*ppe ndages'as  a  group- was  then  obtained  from  the  difference  in  resistance 
jo f  the  two  nodes  and  compared  to  the- results  obtained- by- using-1  the  express 
ions  presented  herein.'  A  fairing  of -  the' data' has  been  made  in  order  to 
facilitate' general  comparisons. 

A  BRIEF  DESCRIPTION' OF  THE  SHIP-MODELS  '  . 

*  .-  •  * 

In  general,  the  fourteen  ship-models  chosen  for' this- study  were  of  the 
twin  screw  propulsion- type  and  represent- three' basic'hull  forms  with 
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transom  type  sterns.  Tables  I  and  XI  present' a -more 'detailed  description 
of  the  hull  forms  and  their  appendages, 

•  • 

PRESENTATION  OF  MODEL  DATA 

•  As  stated  previously,  it  is'most  desirable' to* present' some  experi¬ 
mental  data  in' order  to  verify  a  mathematical' model;  "Keeping  in  mind 
that  the  mathematical' model  presented' herein* is 'supposed'  to* represent  the 
Reynolds  number- dependent  components* of" the- appendage* drag,  then  the 
data  should  be  presented  in  such  a  manner  so' as  to' describe  visually  the 
■answers  to  the  following  questions.  First ;• and 'most 'important,  are  the 
expressions  able  to  predict  within  a- reasonable 'tolerance  the  Reynolds 
number  dependent  drag  of  the  various  appendages;  and- second,  what  are 
the  possible  sources  of  error  inherent' to 'the  mathematical  model  and  how 
can  they  be  compensated  for?  The  data' are' presented, 'therefore,  in  two 
ways  in  order  to  determine  if  the' answers  to' the* above' questions  are  just 
a  function  of  the- individual  appendage  suit  in  question  or  if  there  are 
general  trends  which  can  beapplied  to  any  appendage  suit. 

Figure  3  presents  the  values  of ■ appendage' drag' (in  coefficient  form) 
aa  calculated  from  the  mathematical  model  using' both ' zr friction  line 
based  on  forced  turbulence  at  the  lower' Reynolds  numbers  and  on  a 
transition- Reynolds  number  equal  to  5  x 10^' (these* friction- lines  may  be 
seen  in  Figure  2).'  Also  presented- in  Figure  3' are- the' appendage  drag  data 
obtained  from  model  tests  as  previously  described; "The  differences  in 
model  appendage- drag  coefficient  for  various  hull ' forms  of  the  same 
designation,  e.g.  three  3-D  forms,' are' due' to  differences  in  the  models 
not  readily  apparent  from  the  descriptive' parameters' listed  in  Tables  I 
and  II.  The  predicted  values  of  Reynolds  number  dependent  appendage  ' 
resistance  appear  to  be  in  close  agreement  with  the' model  data  except 
where  "humps”  appear.  To  further  investigate' this  phenomena.  Figure  4  has 
been  prepared.  It  presents  the  difference  between  the  calculated  values 


TABLE  I 


The  Hull  Forms 


Hull  Name  of  Coefficient* 

Coefficient 

TYPE  1** 

TYPE  2 

TYPE  3 

CB 

Block  Coefficient  *  * 

;61 

*  .66 

.48 

Longitudinal  Prismatic,, 
Coefficient 

.63 

-.67 

.59 

CX 

Maximum  Section  Coefficient 

•  .97 

.99 

»81 

Sp 

Waterplane  Coefficient 

.78 

•  .84 

.73 

Sf 

Forebody  Prismatic 
Coefficient  ' 

.60 

••.67 

c56 

Sa 

Afterbody  Prismatic 
Coefficient 

.67 

.67 

.62 

CPE 

Entrance  Prismatic 
Coefficient 

.60 

.65 

.58 

Sr 

Run  Prismatic  Coefficient 

.66 

.67 

.59 

cvp 

■4 

Vertical  Prismatic 
Coefficient 

.78 

.79 

.65 

Spa 

Afterbody  Vertical 

Prismatic  Coefficient 

.72 

.69 

.62 

Spf 

Forebody  Vertical 

Prismatic  Coefficient 

.88 

.93 

.78 

Spf 

Forebody  Waterplane 
Coefficient 

.66 

.72 

.53 

Spa 

Afterbody  Waterplane 
Coefficient 

.90 

.96 

.96 

* 

Formulae  for  the  hull  coefficients  may  be  found  in 

Reference 

12. 

FS 

The  numerical  values  for  the  hull  coefficients  for 
the  average  values  for  all  the  designs  used. 

each  hull 

type  are 

TABLE  II 

The  Appendage  Suita 
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INTER  la  tha  abbreviation  uaed  to  algnlfy  an  Intermediate 


(using  the  transition  Reynolds  number  5  x  10^)  and  the  model  data  in  the 
form  of  percent  difference  and  the  actual  magnitude  in  pounds.  These 
absolute  and  relative  differences  are  presented  as  a  function  of  the  model 
speed  non-dimenslonalized  by  the  design  speed  value. 

Values  of  appendage  resistance  as  a  percentage  of  bare  hull  resistance 
for  the  fourteen  selected  models  are  presented  versus  speed-length  ratio 
in  Figures  4a,  4b,  and  4c. 

DISCUSSION  Or  CORRELATION 

.  • 

In  order  to  discuss  the  correlation  of  the  results  obtained  fron  the 
mathematical  mc-del  to  the  model  data,  the  speed-  range  will  be  broken  down 

♦  *  v„ 

into  two  components.  The  first  speed- range  will  be  defined  to  be  below 
design  speed  and  the  second  will  be  above  design- speed.  '  The  design  speed 
for  hull  forms  1  and  2  is  approximately  equal  to  a  speed-length  ratio  of 
.'8  and  for  hull  form  3  the  design  speed-length' ratio' is  about  1.2.  It  is 
-assumed  that  the  appendage  drag  below  design  speed  i3  for  the  most  part 
dependent- on  Reynolds  number  and  that  the- contribution  of  the  Fr^ude  depend¬ 
ent  resistance  becomes* a  factor  slightly  below  and  about' design  speed. 

•  • 

*  *  • 

...  • 

Figure  4  indicates  that  the  agreement  between  the  mathematical  model 
-and  the  model  data  below  design  speed  is  very  good.  For  example,  the 
^average  magnitude  of  this  difference  at  80  percent  design  speed  Is  less  than 
0.2  pounds.  We  may,  therefore,  deduce  that  the  mathematical  model. is  valid 
in  thi3  speed  range.  The  deviation  from  the  mean  may  be  caused  by  a 
misalignment  of  such  appendages  as  struts,- stabilizer  fins,  bilge  keels, 
etc.,  to  the  flow  and  will  be  discussed  later  In  the  text.  For  now,  it  will 
be  called  an  induced  drag  (R^)  that  is,  in  nature,  independent  of  Reynolds 
number.  ■  ... 

The  case  for  the  differences  between  the  results  from  the  mathematical 
model  and  the  model  data  is  similar  for  the  higher  speed  range.  However, 

/' 
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the  magnitude  Is  larger,  which  would  tend  to  confirm  the  second  part  of  our 
assumption,  i.e.,  that  the  Froude  number  dependent  resistance 'has  an  effect 
at  the  higher  speed-values.  The  shape  of  the  curve  through  the  data  is  still 
more  evidence  indicating  the  Froude  number  dependence  of  this  component  of 
the  appendage  drag. 

INTERACTION  BETWEEN  APPENDAGES  AND  HULL 

If  it  is  assumed  that  part  of  the  difference  between  the  calculated 
values  and  those  data  deduced  from  the  model  resistance  tests  is  due  to 
the  previously  mentioned  induced  resistance  caused  by  misalignment  to  the 
flow,  then  the  question  arises  as  to  what  causes  the  rest  of  the  difference? 
This  may  be  answered  by  using  some  deductive  reasoning. 

It  is  a  well  known  phenomenon  that  an  appended  model  will  not  necessar¬ 
ily  have  the  same  trim  characteristics  as  a  bare  hull  model.  It  is  also 
known  that  the  trim  of  a  model  has  an  effect  on  Its  wave  making  resistance. 
Now,  it  will  be  recalled  that  the  model  data  used  for  the  verification  of 
the  mathematical  model  were  obtained  by  subtracting' the  bare  hull  model 
resistance  from  the  appended  hull  model  resistance.  Furthermore,  since 
we  were  able  to  predict  all  but  0.2  pounds  of  the  appendage' drag  up  to  80 
percent  of  design  speed  (this  being  almost  totally  dependent  on  Reynolds 
number)  there  is  no  reason  to  believe  that  we  do  not  have  the  same  relative 
accuracy  for  predicting  Reynolds  number  dependent  drag  above  the  design  " 
speed.  It  appears  to  be  reasonable,  therefore,  •  to  deduce  that  the  remainder  ~ 
of  the  difference  between  the  values  obtained  from  the  calculation  procedure  . 
and  the  model  data  is  caused  by  the  interaction  of  the  appendages  on  the  hull 
form  and  that  this  interaction  is  a  resistance' that  is' Froude  number 
dependent  and  wave  making  in  nature.' 
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CC&CLUSIONS 


Summarizing  what  has  been  accomplished  in' the  preceding  chapters,  the 
following  conclusions  cay  be  drawn. 


2.  A  mathematical  model  has  been  developed  for  the  prediction 
of  the  viscous  components  for  appendage  drag. 

2 .  The  predictions  obtained  from  .the' mathematical  model  have 
been  correlated  with  model  appendage'resistancedata'obtained  from  the 
results  of  fourteen  ship-model  resistance  tests 'and ‘the  mathematical  model 
vas  found  to  be  an  effective  means  of  predicting' appendage  drag. 


The  differences  between  the  results  from  the  mathematical  model  and 

i 

the  model  data  appear  to  be  due  to  two  basic  resistance  components*  i.e.  * 
induced  drag  due  to  misalignment  of  an  appendage"  to  the  flow  and  a  Froude 
number  dependent  drag  due  to  the  interaction 'be  tween  the '  appendage...  and 
£he  hull  form.  These  effects  will  be  considered  at  greater  length  as'" 
-Shis  study  progresses.  .  '  * 


3*  A  Fortran  IV  computer  program,  refer  to  Appendix  I*  to  be 
©sed  on  the  Center’s  CDC  6700  .computer  has  been' developed  using  the 
aiathenatical  expressions  presented  herein.  The  computer  program  as  presented 
herein  utilizes  excessive  core  space  and  is  presently" being  modified.  The 
modified  version  will  be  available  by  1  March'1972;  The  program  also  contains 
en  error  in  the  base  drag  formulation;  however, 'this  error  is  being  corrected 
in  the  modified  version.  The  present  form  will  provide  correct  drag  values 
as  long  as  base  drag  terms  are  not  needed. 


••  *  A 


RECOMMENDATIONS 

A  procedure  for  calculating  the  vector  lift ‘and' drag-  components  of  the 
appendages  could  be  developed,  and  their- effect *on* the* change* in  trio  angle 
correlated  to  the  added  appendage  drag  due  to* change* in ‘underway  trio. 

This  could  be  done  by  assuming' that • the* forces "acting* on* the  appendages 
are  located  at  the  centroid  of  the  appendages; ’then* by  taking  the  sum  of 
the  moments  about  the  center  of  flotation;*the*change  in*trim  due  to  the 
addition  of  appendages  could  be  calculated" ‘These* developments  would  be 
very  helpful  to  the  designer. 

Au  experimental  study  should  be  conducted* on*a*aet*of  carefully 
•elected  geosims  to  verify  the  scaling  technique*. —  This  study  should  also 
indicate  if  a  correlation  allowance  for  appendages* is* necessary.  Since  it 
■ay  be  difficult  to  conduct  some  phases  *  of  - such'an* experimental  program  in 
•  towing  tank  due  to* the  size  of  some  of~the~larger*geosim- appendages,  the 
use  of  a  subsonic  wind  tunnel  may  be  considered*  as ‘complementing  the  work 
done  in  a  towing  tank. 
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FIGURE  i  -  Graphical  Representation  of  tho  Reynolds  Number  Formula 
Function  of  Velocity,  Length  and  Temperature 


Curves  of  Laminar,  Transition  and  Turbulent  Plat  Plato  Friction 
Coefficient  as  a  Function  of  Reynolds  Number 


o  DMA  DEDUCED  FROM  MODEL  RESISTANCE  TE5TS 
ANALYTICAL  PREDICTION  USING  FORCED  TUR3ULENCE 

/-NALYTICAL  PREDICTION  USING  R  OF  5  X  iO4 

^ransi  t  ion 


mu 


1  LLM 


J _ 

~r 


It  .7  .8  .9  LO  U  12  13  M  13  16  1>F~5  .6  .7  .8  .9  10  1*1  12  13 


I  I 

±r- 


J  .8  .9  10  U  12  13  14  15  16  173  JS  'j>  .7  .8  .9  10  U  1.2  13' U  15  16 


l.l  I  I 


M  M  i 


taj—j— -I— i — 

iiTITTb;-, 


MSm 


»  I  I  f  (  I  •  .  •  t  :  Jt4!  ■  I  I  I  I  I  I  •  >  I  I 

J  .4  j  .4  J  .3  .9  10  II  12  13  14  15 1  .5  .6  .7  0  9  10  U  12  1.3  14  15  16 


I  il  *i  I  !  I  !^,3! _ i _ U-vl _ ! 


1 

!  1 

1  i 

i  t 

=l.l±  m 


A  5  .6 -.7  £  9  10 1  .4  5  4  7  .8  5  ID  U|  3  .4  .5  .6  7  .8  .9}  7  .8  .9  10  U  12  13  14 


12  i  LUL_yj__ 

,.U - i-af--.S — 


y>4444-U44> 


!  !  i  ru  i . 


i  r 


raTITlT 


i-kW-L. 


_7~.8~XTd^,4  --J-rry-B-^-lO '  1J  |  .2  2  /»  .3  .6  ./  .8  7  10  1.1  j  .3  4  .5  .6  .7  .8  7  10. 


SPEED  -  LENCTH  RATIO  (yVL) 

Figure  3  -  Coaparison  of  Values  of  Appendage  Drag  obtained  from 
the  Mathematical  Model  with  those  Deduced  from 
Center  Earc  Hull  and  Appended  Ship-Model 
Resistance  Tests 
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1  Scale  Differences  Between  Center  Tests  and 
Mathematical  Model, 
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Piguro  4a  *  Comparison  of  Values  of  Appendage  Crag  aa  a  Percentage  of  Baro  Hull  Drag 
Deduced  from  Center  Bare  Hull  and  Appended  Ship-Model  Resistance  Tests 
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'  Figur*  4c  -  Comparison  of  Values  of  Appendage  Drag  as  a  Percentage  of  Boro  Hull  Drag 
Deduced  from  Center  Bar*  Hull  and  Appended  Ship-Model  Resistance  Tests 


APPENDIX  I  -  LISTING  OF  COMPUTER  PROGRAM 


ATPEND  is  a  Fortran  computer  program  which  maybe  used  to  calculate 
the  Reynolds  number  dependent  resistance  of  the- appendages  previously 
mentioned  in  this  text.  The  program,  which'has  been*writtea*  for' the  Center’s 
CDC  6700  computer,  will  calculate  appendage  drag  for  any  size  appendage, 
i.e.,  model-scale  or  full-scale.  APPEND  consists  of  the  following  sub¬ 
routines:  RUDDER,  STRUT,  FIN,  SHAFT,  BOSS,  MAIN,  BILGE,  SKEG,  and  FRICI, 
and  the  function  PRESUR.  In  general,  .the  first  eight  subroutines  are  used 
to  calculate  the  various  viscous  drag' components* of  the  appendage  indicated 

by  the  title.  Subroutines  FRICT  is  used' to*  calculate*  the  friction  coefficient 

4 

<y,  based  on  a  Reynolds,  number  of  transition  of  5  x  10  •  Function 
PRESUR  is  used  to  calculate  the  basic  pressure  coefficient  described  in 
equation (11) . 
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APPENDIX  II  -  INPUT  FORMAT  FOR  COMPUTER  PROGRAM  APPEND 


CARD 

ENTRY 

format 

FIELD 

l 

NCASE 

15 

1-5  . 

a 

TITLE 

13A5 

1-65 

3 

ISPOT 

15 

1-5 

SM 

F10.5 

6-15. 

RHO 

F10.5 

16-25 

• 

aau 

F10. 5 

26-35 

RHOS 

F10.5 

36-4:, 

XNUS 

F10.5 

46-55 

SLAM 

F10.5 

56-65 

SLSH1P 

F10.5 

66-75 

* 

BRUD 

15 

1-5 

NSTRUT 

15 

6-10 

HSHAFT 

*  15 

11-15 

8B0SS 

15 

16-20 

i 

BMAIN 

15 

21-25 

HBILGE 

15 

26-30 

HSKEG 

15 

31-35 

BFIN 

IS 

36-40 

^SBE  NEXT 

• 

IS  POT  CARDS 

VS 

F10.5 

1-10 

*• 

1-WT 

F10.F 

11-20 

• 

• 

• 

• 

• 

• 

• 

'O 

O 

o 

• 

*  / 

THE  NEXT 

BRUD  CARDS 

SRUD 

F10.5 

1-10 

TRUD 

F10.5 

11-20 

REMARKS 

Number  of  cases  to’ be  calculated 

Used  to  Identify  the  case 

Number  of  speeds- to  be  calculated 

Wetted  surface  of  appendages,  ft2 

Model  water  density,  slugs/ft^ 

Model  water  kinematic  viscosity  x  10-*, 
ft2/aec 

Ship  water  density,  slugs /ft^ 

Ship  water  kinematic  viscosity  x  10^. 
ffc2/aec 

Ship-model  linear  ratio 

Ship  length,  ft 

Number  of  rudders  -  0  to  4  . 

Number  of  struts  -  0-16 

Number  of  shafts  -  0  to  8 

Number  of  steratube.  bossings  and 
intermediate  strut  barrels  -  0  to  8 

Number  of  main  strut  barrels  -  0  to  4 

Number  of  bilge  keels  -  0  to  4 

Niunber  of  skegs  -  0  to  4 

Number  of  stabilizer  fins  -  0  to  4 

Ship  speed  in  knots 
Wake  fraction 


Rudder  planform  area  for -one  side,  ft2 
Rudder  maximum  thickness,  ft 


"!BMH 


INPUT  FORMAT  FOR  APPEND  (CON’T) 


CARD 

ENTRT 

FORMAT 

FIELD 

remarks 

CRUD 

F10.5 

21-30 

Rudder  maximum  chord*  ft 

TBRUD 

FlO.  5 

31-40 

•  • 

Thickness  of  trailing  edge  of 
rudder,  ft 

SBRUC 

• 

FlO. 5 

• 

41-50 

• 

Projected  area  of  blunt  edge 
of  rudder*  ft^ 

*  *  . 

♦ 

• 

• 

•  • 

THE  NEXT 

• 

.  • 

• 

*-  * 

-• 

•  • 

NSTRUT  CARDS 

SSTRUT 

FlO.  5 

1-10 

Strut  planforn  area  for  one  aide,  ft2 

TSTRUT 

FlO. 5 

11-20 

Strut  maximum  thickness*  ft 

- 

CSTRUT 

FlO. 5 

21-30 

Strut  maximum  chord*  ft 

• 

TBSTRUT 

.*  FIO.5 

31-40 

Tnickness  of  trailing  edge  of  strut *ft 

SBSTRUT 

FlO.  5 

41-50 

Projectrd  area  of ‘blunt  edge  of 

strut,  ft2  % 

♦ 

• 

>  *  •  - 

• 

• 

• 

‘  -  *  l 

• 

• 

♦ 

• 

• 

m 

•  • 

THE  NEXT 

* 

• 

NFIN  CARDS 

SFIN 

FlO.  5 

1-10 

Fin  planforra  area  for  one  side,  ft 

TFIN 

FlO.  5 

11-20 

Fin  maximum  thickness,  ft 

CFIN 

FlO.  5 

21-30 

Fin  maximum  chord,  ft 

TBFIN 

FlO. 5  . 

31-40 

, Thickness  of  trailing  edge  of  fin*  ft 

SB  FIN 

F1C.5 

41-10 

Projected  area  of  blunt  edge  of  strut, 

.  *  ft2 

• 

• 

w 

• 

• 

• 

, 

• 

’  0 

• 

-• 

42 


INPUT  FORMAT  FOR  APPEND  (CONT’D) 


CARD 

ENTRY 

FORMAT 

FIELD 

REMARKS 

•  THE  NEXT 

NSHAFT  CARDS 

XLS1IAFT 

no.  5 

1-10 

Shaft  length,  ft 

RSHAFT 

F10.5 

11-20 

Shaft  diameter,  ft 

ASH  AFT 

FI0.5 

21-30 

Angle  of  flow,  degrees 

HSHAFT 

• 

• 

F10.5 

• 

31-40 

• 

• 

Depth  below  waterline  to  shaft,  ft 

THE  NEXT 
NBOSS  CARDS 

• 

XLBOSS 

• 

F10.5 

• 

1-10 

Bossing  and/or  intermediate  strut 
barrel  length,  ft 

RBOSS 

F10.5 

11-20 

Bossing  and/cr  intermediate  strut 
barrel  diameter 

ABOSS 

F10.5 

21-30 

Angle  of  flow,  degrees 

i 

•: 

HBCSS 

• 

• 

F10.5 

4» 

• 

31-40 

• 

• 

Depth  below  waterline  to  bossing  and/ 
or  intermediate  strut  barrel,  ft 

THE  NEXT 
NHAIN  CARDS 

• 

XLMAIN 

• 

F10.5 

• 

1-10 

Main  strut  barrel  length,  ft 

RMAIN 

F10.5 

11-20 

Main  strut  barrel  diameter,  ft 

AMAIN 

FI0.5 

21-30 

Angle  of  flow,  degrees 

HMAIN 

no. 5 

31-40 

Depth  below  water  to  m«JLn  strut  barrel 

ft 

RBMAIN 

F10.5 

41-50 

Diameter  of  fairwater  ending,  ft. 
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INPUT  FORMAT  FOR  APPEND  (CONT'D)  ■  C  ' 


CARD 

ENTRY 

FORMAT 

FIELD 

■  REMARKS 

THE  NEXT 

- 

• 

m 

N3ILGE  CARDS 

LBILGE 

F10.5 

1-10 

Bilge  keel  length,,  ft 

• 

SBILGE 

F10.5 

11-20 

Bilge  keel  wetted  surface  ft 

• 

• 

• 

• 

• 

• 

• 

(as  described  in  text) 

THE  NEXT 

• 

• 

• 

MS KEG  CARDS 

LSKEG 

F10.5 

.1-10 

Skeg  length,  ft 

SSKEG 

F10.5 

11-20 

Skeg  wetted  surface,  £t^ 

• 

• 

• 

(as  described  in  text) 

“ 

m 

• 

• 

• 

• 

« 

_  (  v' 

«  ©• 

START  THE  NEXT  CASE  BEGINNING  WITH  CARD  02 


APPENDIX  III  -  OUTPUT 

The  output  formats  of  "Append”  have  been  written  so  as  to  give  the 
user  detailed  information  about  the  drag  'of  his  appendages.  First,  the 
drag  components  of  each  individual  appendage  are  printed  out,  this  includes 
the  speed-length  ratio  based  on  the  length  of  the  hull  and  the  local 
Reynolds  number.  Next,. the  total  calculated  frictional  resistance  components 
are  printed  and  finally. the  total. calculated  viscous  resistance  is  printed. 
The  program  will  output  the  above  information  for  both  the  model  and  the 
full-scale  appendages. 
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